Background: Brain injury in term neonatal hypoxicischemic encephalopathy (HIE) emerges on magnetic resonance imaging (MRI) by day 3. This study aimed to address the relationship of MRI, diffusion tensor imaging (DTI), and MR spectroscopic imaging (MRSI) findings on days 1 and 3 in a prospective cohort of term newborns with HIE. Methods: A total of 24 term newborns with HIE were prospectively studied with MRI on days 1 and 3; 19 were imaged with DTI and MRSI on days 1 and 3. MRI was assessed using validated scores. The relationship between MRI, DTI, and MRSI values on days 1 and 3 was determined using linear regression for repeated measures. results: Conventional MRI showed a complex variation of findings from day 1 to 3. In gray matter, mean diffusivity (D av ) and metabolite ratios measured on day 1 were predictive of values on day 3 (all P ≤ 0.04). In white matter, D av , fractional anisotropy (FA), and N-acetylaspartate (NAA)/choline on days 1 and 3 were strongly related (all P ≤ 0.003). Hypothermia appeared to attenuate the severity and progression of brain injury in the six treated newborns. conclusion: In term newborns with HIE, quantitative MR values on days 1 and 3 are strongly associated, providing an objective measure of injury before qualitative images.
h ypoxic-ischemic injury is the most common cause of neonatal encephalopathy. Neonatal encephalopathy occurs in 1-6 per 1,000 live births and results in significant morbidity and mortality (1, 2) . The identification of accurate biomarkers of brain injury in newborns with encephalopathy has important implications for early diagnosis, potential initiation of neuroprotective therapy, and prognostication of neurodevelopment.
Brain injury in normothermic newborns with hypoxicischemic encephalopathy (HIE) is consistently evident on diffusion-weighted magnetic resonance imaging (DW-MRI) by the third day of life and evolves further over the first 2 wk of life (3) . The extent of brain injury on MRI in newborns with HIE is an important predictor of neurodevelopmental outcome (4, 5) . The predominant pattern of injury, which is established on conventional MRI by the second week of life, is more strongly associated with neurodevelopmental outcome than the severity of injury in any one region (5) . As the process of injury unfolds in the first hours and days of life, findings on conventional MRI vary considerably (3) . Consequently, prognostication based on the clinical MRI is limited in the initial days of life until the predominant pattern of injury is fully apparent.
Advanced MRI techniques, such as diffusion tensor imaging (DTI) and MR spectroscopic imaging (MRSI), have the potential to more accurately identify brain injury earlier in its progression (6, 7) . Although several studies have measured quantitative parameters in newborns with HIE in the first few days of life (3, 4, (8) (9) (10) (11) (12) (13) , it remains unknown whether quantitative parameters measured early are predictive of findings uniformly assessed at serial time points. The primary objective of the current study was to assess the relationship between DTI and MRSI findings on days 1 and 3 of life in a prospective cohort of term newborns with HIE. We also assessed the relationship between DTI and MRSI findings on days 1 and 10, evaluated the progression of the predominant pattern of injury on conventional MRI, and explored the effects of systemic hypothermia on the evolution of brain injury in newborns with HIE.
RESULTS

Clinical Features
A total of 24 term newborns with HIE were studied prospectively with qualitative MRI on days 1 and 3 of life; 19 were also imaged with DTI and MRSI on days 1 and 3. Among the cohort, six newborns were treated with systemic hypothermia as part of a concomitant research protocol (14) . There were no significant differences in the clinical characteristics between normothermic and hypothermic newborns, as summarized in Table 1 .
Pattern of Injury
Conventional MRI demonstrated a complex variation of findings and change in the predominant pattern of injury between
Progression of Pattern of Injury in Normothermic Newborns
The distribution of pattern of injury in normothermic newborns (n = 18) on day 3 of life included six normal, three basal nuclei (BN) predominant, one watershed (WS) predominant, five focal-multifocal injury, and three total injury. Six newborns had a major change in the pattern of injury between days 1 and 3. Two newborns with normal MRIs on day 1 developed a BN pattern on day 3; two newborns with a BN pattern on day 1 evolved to a pattern of total injury on day 3. In addition, two newborns with normal MRIs on day 1 developed focal-multifocal injury on day 3. The pattern of injury on day 10 was unchanged from day 3 in eight of nine normothermic newborns imaged on day 10, and one newborn had minor focal injury apparent after normal scanning performed on days 1 and 3.
Progression of Pattern of Injury in Hypothermic Newborns
Among the six newborns who were treated with systemic hypothermia, there was no change in the imaging pattern of injury between days 1 and 3. Five subjects had normal imaging and one had focal brain injury. However, two of four hypothermic newborns imaged on day 10 demonstrated a major change in the dominant pattern of injury. Two newborns with normal imaging on day 3 developed a pattern of BN-predominant injury, whereas one newborn had persistent focal brain injury and one newborn had a normal MRI.
Association of DTI and MRSI Values on Days 1 and 3
There was a strong association of values from day 1 to 3 of life for nearly all parameters tested in the 19 newborns (14 normothermic and 5 hypothermic) evaluated with DTI and MRSI ( Table 2) . In gray matter, reduced mean diffusivity (D av ) on day 1 was strongly associated with significantly reduced D av on day 3 (P < 0.0001). Reduced ratios of N-acetylaspartate (NAA)/ choline (P = 0.04), as well as increased ratios of lactate/choline (P = 0.001) and lactate/NAA (P = 0.003) in gray matter on day 1 were also strongly predictive of ratios on day 3. In white matter, reductions in D av (P < 0.0001), fractional anisotropy (FA) (P = 0.003), and NAA/choline (P < 0.0001) on day 1 were significantly associated with further reductions on day 3. Articles Gano et al.
Association of DTI and MRSI Values on Days 1 and 10
The association between DTI and MRSI values from day 1 to 10 of life was evaluated in 10 newborns (7 normothermic and 3 hypothermic) who had quantitative imaging repeated on day 10. In gray matter, reduced NAA/choline on day 1 was strongly associated with further reductions on day 10 (P = 0.001). In white matter, reduced D av and FA (both P < 0.0001), as well as ratios of NAA/choline (P = 0.04), on day 1 were predictive of further reductions on day 10. Elevated ratios of lactate/NAA in white matter on day 1 were very strongly associated with persistently elevated lactate/NAA on day 10 (P < 0.0001).
Association of Hypothermia With DTI and MRSI Values
Hypothermia modified the relationship between DTI and MRSI values from day 1 to 3 of life ( Table 3) . In gray matter, hypothermia resulted in attenuation of the reduction of D av from day 1 to 3 (interaction P = 0.07), as well as significantly reduced ratios of lactate/NAA (interaction P = 0.05) and lactate/choline (interaction P = 0.04) from day 1 to 3. In white matter, hypothermia blunted the reduction of D av from day 1 to 3 (interaction P = 0.009) but had no apparent modulation of the metabolite ratios. The associations of systemic hypothermia with DTI and MRSI values on day 3 were explored in a multivariate regression model if the interaction effect was not significant ( Table 4) . In gray matter, hypothermia was significantly associated with increased ratios of NAA/choline (P = 0.004) on day 3. In white matter, hypothermia was significantly associated with increased FA (P = 0.001) and increased NAA/choline (P = 0.007) on day 3.
Because of the small number of newborns treated with hypothermia who were evaluated with quantitative imaging on day 10, the effects of hypothermia on DTI and MRSI values on day 10 could not be explored in a multivariate model. 
Evolution of MRI, DTI, and MRSI in term HIE
Articles DISCUSSION In this study, by comparing the relationship of pattern of injury and quantitative imaging parameters in term newborns with HIE uniformly scanned on days 1 and 3 of life, we found that brain injury is demonstrable on quantitative diffusion and spectroscopic imaging as it evolves in the initial hours after hypoxic-ischemic insult. Specifically, quantitative diffusion and MRSI parameters on day 1 of life were very strongly associated with those on day 3 in this prospective cohort of term newborns with HIE. There was also a strong relationship between DTI and MRSI parameters on days 1 and 10 of life, predominantly in the white matter. As qualitative imaging is commonly normal during the early evolution of hypoxic-ischemic injury, the application of quantitative MRI techniques to newborns with encephalopathy has important implications for the early diagnosis of hypoxic-ischemic injury (3,6-13). Moreover, the accurate detection of hypoxic-ischemic injury earlier in its evolution also has implications for the management and prognosis of newborns with HIE (3, 4, 8, 12) . A study by Barkovich et al. prospectively imaged 10 term newborns with HIE using serial MRI, DTI, and proton MR spectroscopy over the first 2 wk of life (3). The initial scan was obtained on day 1 in 4 of the 10 newborns, and the timing of the second scan varied from day 3 to 14. The authors found that patterns of injury detected by standard anatomic imaging, DTI, and proton MR spectroscopy varied considerably during the first 2 wk after injury. In accordance with the authors' observations, we were able to detect brain injury on quantitative imaging even when the qualitative MRI was normal on the third day of life. Given that patterns of injury can appear very different when performed at different time points, the uniformity of the timing of imaging in our cohort strengthens the significance of the association of findings between days 1 and 3 of life.
The predominant pattern of brain injury established on MRI in newborns with HIE is an important predictor of neurodevelopmental outcome (5) . These data demonstrate that the primary pattern of injury established on day 1 was reproducible on day 3 in the majority of newborns in the cohort. Only normothermic newborns demonstrated a progression of the pattern of injury from day 1 to 3. Ten of 13 newborns had the same pattern of injury on days 3 and 10. Whereas one normothermic newborn had minor focal white matter injury detected on day 10 after normal imaging, there was a delay in the development of BN-predominant injury on day 10 in two hypothermic newborns. The delayed development in the features of acute, profound asphyxia on the 10th day of life in these two hypothermic newborns suggests that the process of injury continues to evolve after cessation of hypothermia at 72 h. In term newborns with HIE not treated with hypothermia, the predominant pattern of brain injury is robustly detected on the third day of life (15) , but in those treated with hypothermia, the earliest time at which that predominant pattern is fully established still needs to be determined (16) .
There were six newborns in our cohort treated with hypothermia as part of a randomized controlled trial (14) that was ongoing concurrent with the period of enrollment. More recently, systemic hypothermia has become standard of care in newborns with moderate to severe HIE. Data from randomized controlled trials have shown that 72 h of hypothermia initiated within 6 h of birth is associated with a significant reduction in neurodevelopmental disability at 18 mo of age (14, 17, 18) . In our small subset of six hypothermic newborns, therapeutic hypothermia was associated with an attenuated reduction of D av in both the gray and white matter from day 1 to 3. Hypothermia was also associated with increased neuronal metabolism and white matter integrity, as well as reduced oxidative metabolism. Taken together, these data suggest that hypothermia altered the extent and progression of brain injury in our subset of newborns treated with therapeutic hypothermia. These findings are consistent with recently published studies that have shown that therapeutic hypothermia is associated with slower evolution of diffusion abnormalities on day 5 (19) , as well as improved microstructure and metabolism in the deep gray nuclei on DTI and proton MR spectroscopy obtained on day 5 (13) . Of note, our data extend these observations to the initial days of life during the period of active treatment with hypothermia.
Several studies have shown a decreased burden of injury on MRI in newborns with HIE treated with hypothermia (18) (19) (20) (21) (22) (23) . Given that systemic hypothermia is associated with decreased or no injury on qualitative MRI, quantitative metrics may have increased utility in newborns treated with hypothermia. Our data support the use of DTI and MRSI parameters as bridging biomarkers of the treatment effects of hypothermia in newborns with HIE (24) . Early quantitative imaging may have particular prognostic relevance to newborns with sentinel events because this subgroup remains at risk of poor neurodevelopmental outcomes despite therapeutic hypothermia (25) . In addition, our data are highly applicable to newborns who are not treated with hypothermia due to delayed diagnosis or contraindication to therapy.
There were some limitations to our study. It was challenging to obtain a research-based MRI on the first day of life in critically ill newborns. Although the size of the cohort was small, by studying the newborns at relatively uniform time points, variance in the statistical models was reduced, which enabled us to examine the effect of modification of hypothermia on the relationship between DTI and MRSI values on days 1 and 3 (26, 27) . Imaging critically ill babies requires specialized equipment for transport to the MR scanner, as well as trained personnel to provide ongoing clinical care during MR scanning. These requirements may make early imaging of newborns with HIE technically challenging, potentially limiting the widespread use of MRI on day 1 of life.
Conclusions
In conclusion, quantitative diffusion imaging and MRSI findings on the first day of life were strongly associated with those on the third day in this prospective cohort of term newborns with HIE. In our small subset of newborns treated with systemic hypothermia, cooling appeared to attenuate both the Articles Gano et al.
severity and progression of brain injury. Further prospective studies are underway to determine the relationship of quantitative diffusion parameters and metabolite ratios measured on day 1 in newborns with HIE and neurodevelopmental outcome. Inclusion criteria comprised gestational age ≥36 wk and clinically recognizable encephalopathy, and at least one of the following criteria: fetal distress at delivery, requirement for resuscitation at birth, Apgar score ≤5 at 5 min, and metabolic acidosis (umbilical artery pH <7.1 or base deficit >10). Newborns with confirmed congenital malformations, genetic abnormalities, antenatal infections, or inborn errors of metabolism were excluded.
METHODS
Study Population
A subgroup of newborns in this study (n = 6) was treated with systemic hypothermia on the basis of enrollment in a randomized controlled trial concurrent to the period of study (14) .
MRI Studies
MRI studies were performed without sedation using an MR-compatible neonatal incubator (Lammers Medical Technology, Luebeck, Germany) and a high-sensitivity specialized neonatal head coil (Advanced Imaging Research, Cleveland, OH) to reduce patient motion, increase patient safety, and improve the signal intensity-to-noise ratio of the MR images. The examinations were carried out on a Siemens 1.5 Tesla Avanto using VB 13A software (Siemens, Berlin, Germany) and included the following sequences: 3-dimensional axial and coronal volumetric T 1 -weighted images (repetition time (TR), 36 ms; echo time (TE), 9.2 ms; field of view (FOV), 200 mm; slice thickness, 1 mm; no gap), axial fast spin echo T 2 -weighted images (TR, 4,610 ms; TE, 107 ms; FOV, 160 mm; slice thickness, 4 mm; gap, 0.2 mm), and isotropic DW images b = 600 and 700 s/mm 2 , with apparent diffusion coefficient maps (TR, 3,300 ms; TE, 82 ms; FOV 210 mm; slice thickness, 4 mm; gap, 0.5 mm).
An experienced neuroradiologist (K.J.P.), blinded to the newborn's medical history, coded each MRI (T 1 /T 2 -weighted and DW-MRI) according to previously published criteria (28) . The extent of injury was scored 0-4 in the basal ganglia/thalamic region and 0-5 in the WS region.
Because the predominant pattern of brain injury on MRI has previously been found to be a strong predictor of neurodevelopmental outcome in neonatal HIE, the subjects were then classified according to their predominant pattern of injury: normal, WS, BN, total, and focal-multifocal injury (stroke or white matter injury) (5, 15, 28) . Of note, these focal and multifocal injuries were distinct in location from the abnormalities classified as the WS predominant (15) .
Diffusion Tensor Imaging
DTI was acquired with a multirepetition, single-shot echo-planar sequence with 12 gradient directions (TR, 4,900 ms; TE, 104 ms; FOV, 160 mm; slice thickness, 3 mm; no gap), three averages of two diffusion weightings of b = 600 and 700 s/mm 2 , and an image without diffusion weighting, resulting in an in-plane resolution of 1.3 mm. The MR data were transferred to an offline Siemen's workstation for post-processing. From the DTI data, we computed D av (also called apparent diffusion coefficient) and FA bilaterally in the anterior and posterior WS white matter, corticospinal tracts in the centrum semiovale, corpus callosum, posterior limb of the internal capsule, optic radiations, caudate, putamen, ventrolateral thalami, calcarine region, and hippocampi. These regions of interest (ROIs) were measured by manual anatomic voxel placements by the same study investigator without knowledge of the locations of injury as determined by T 1 /T 2 -MRI and the coding of the predominant pattern of injury. Intrarater reliability with this method is high, as previously described (29) .
MRSI
MRSI was acquired using multivoxel chemical shift imaging (TR, 1,500 ms; TE, 144 ms; averaging, 4). The volume of interest (50 × 50 × 10 mm thick) was placed at two levels in the brain: high centrum semiovale just above the body of the lateral ventricles (to exclude cerebrospinal fluid) and basal ganglia at the level of the foramen of Monro. All spectra were analyzed offline by a single observer with voxels (6 × 6 × 10 mm) centered bilaterally on eight predefined ROIs: anterior and posterior WS white matter, corticospinal tracts in the centrum semiovale, optic radiations, caudate, putamen, ventrolateral thalami, and the calcarine region (29) . Only voxels with adequate signal intensity-tonoise ratio that were fully included in the volume of interest were considered for statistical analyses (>90%). The mean ratios of NAA/choline, lactate/choline, and lactate/NAA were measured for each ROI. Intrarater reliability with this method is high, as previously described (29) .
Clinical Data Collection
Medical records were reviewed systematically for details related to pregnancy, labor, delivery, and perinatal course, including a resuscitation, encephalopathy, and seizure score (30, 31) .
Data Analysis
Statistical analysis was performed with Stata software version 9.2 (Stata, College Station, TX). Clinical characteristics of normothermic and hypothermic newborns were compared using Fisher's exact test and Kruskal-Wallis test for categorical and continuous data, respectively. To assess the relationship between DTI and MRSI values on days 1 and 3 of life, we used linear regression for repeated measures, adjusting for age at the time of first scan in hours and ROI. The effect modification (interaction) of hypothermia on the relationship between DTI and MRSI values on days 1 and 3 was assessed using an interaction term. For variables with an effect modification of P > 0.1, we examined the association of hypothermia to DTI and MRSI values on day 3 using a multivariate regression model with hypothermia as a predictor variable, adjusting for age at the time of first scan in hours and ROI. The relationship between DTI and MRSI values on days 1 and 10 of life was assessed using linear regression for repeated measures, adjusting for age at the time of first scan in hours and ROI. No mathematical correction was made for multiple comparisons, and all comparisons have been reported.
